Abstract.This paper presents the design improvement and analysis of dual excitation flux switching machine (DEFSM) with outer-rotor configuration for direct drive electric vehicle (EV). Deterministic design improvement approach based on two-dimensional (2-D) finite element analysis (FEA) is applied to obtain optimal torque density and power density of the proposed machine to meet the requirement of direct drive propulsion of EV. The performance comparison of the original design machine with the improved design machine is also addressed. The improved design machine has achieved 10.19 Nm/kg and 4.74 kW/kg of maximum torque density and maximum power density, respectively..
Introduction
Electrical machines when used to drive a load are known as electric motors. The main purpose is to convert an electrical energy to mechanical energy. As well known, there are two classes of electrical motors called direct current (DC) motors and alternating current (AC) motors. Mostly, AC motors are dominants in high performances industries. Moreover, high torque density, high power density, and reliability of AC electrical motors are always been considered to be used for high performance applications such as in automotive and aerospace industries. These factors are commonly taken into consideration for design and manufacturing of such new AC motors. Over the years, permanent magnet (PM) brushless machines have dominates the market for heavy applications due to their outstanding advantage of high torque density capability [1] . Nevertheless, due to the main flux source of PMs are located on the rotor, the machines are suffer from demagnetization effects which resulting in eddy current loss in the rotor. On the other hand, it is difficult to manage the temperature rise due to the PM is placed on the rotating part of the motors [2] .
In recent years, flux-switching motors (FSMs) become an attractive research topic due to several advantages of higher torque density and efficiency. All active components such as PM, DC field excitation coil (DC FEC), and armature coil are located on the stator. Therefore, the machine is said very robust in which only has single piece of rotor iron core. Various applications of FSM have been reported, ranging from wind power generation, automotive, aerospace, power tools and etc [3] . Generally FSMs can be classified into three categories, namely permanent magnet (PM) FSMs, hybrid excitation (HE) FSMs, and field excitation (FE) FSMs. Both PMFSMs and FEFSMs have only single excitation flux source which come from PM and FE coil, respectively, while in HEFSM the magnetic flux source is generated from PM and FECs.
However, most of research have been reported are mainly focused on inner-rotor configuration [4] [5] [6] . It is quite difficult to find any report on outer-rotor FSM. Lately, several reports on outerrotor PMFSM and field wound flux switching machine (FWFSM) with segmented rotor have been published within 2009 to 2012 and the target of the proposed machine is used for light urban EV and aerospace industries, respectively [7, 8] . Nonetheless, the PMFSM with single magnetic flux source of constant PM, it also may suffer from demagnetization effect and uncontrollable flux.
Moreover, for FWFSM with segmented rotor, the motor is said less robust and difficult to manufacture. Thus, this paper presents a design improvement and analysis study on 12S-14P dual excitation flux switching machine (DEFSM) with outer-rotor configuration. Based on 2D-FEA, the study is focused to meet the requirement of in-wheel drive EV application. Previously, a 12Slot-10Pole outer-rotor HEFSM has been proposed by the authors and the improved motor has been described in [9] . Due to the target performances of 12Slot-10Pole are not achieved, a new combination of rotor-pole is proposed in [10] with the stator-slot is maintained at 12-slot.
To realize the target performances for direct drive EV applications, design refinement and improvement on the original design motor as depicted in Fig. 1 is implemented through deterministic design optimization method. Through the cross sectional view of the motor, it consist of 12 PMs and 12 FE coils spread uniformly in the middle of each armature coil. The three-phase armature coils are put in the 12 slots on each quarter of stator body periodically. The PMs and FEC produce six north poles interspersed between six south poles on the motor. The changes of flux polarity on each stator tooth according to the rotor position have created the term of "flux switching". The flux produced by PM and FEC link with the armature coil flux alternately with the rotation of rotor. The flux linkage of armature coil has one periodic cycle as the rotor rotates through 1/14 of a revolution, and hence the induced voltage in the armature coil becomes 14 times of mechanical rotational frequency.
Design Restrictions and Specifications
The design restrictions and specifications of the proposed DEFSM with outer-rotor configuration are similar with the interior permanent magnet synchronous machine (IPMSM) installed in Toyota Lexus RX400h [6] . With the PM volume reduced to 1.0 kg, the target maximum torque and maximum power is set to 333 Nm and 123 kW, respectively. Besides, the maximum voltage and current of the inverter is set at 650 V, and 360 A rms , respectively. Furthermore, both of the maximum armature current and field excitation current density is set to 30 A/mm 2 . Finally, with the target weight of the machine is 30 kg, thus the proposed machine will having a torque and power density of 11.1 Nm/kg, and 4.1 kW/kg, respectively. In this study, the slot area of armature coil and field excitation coil is calculated using equation (1) and (2). (1) and (2), α is the filling factor, while I a and I e are rated armature current and FEC current, respectively.N a and N e is the number of turn of armature coil and field excitation coil.
FEA-Based Performance Analysis
Improved Design Structure.Based on the results have obtained and discussed in [10] , the proposed machine is necessarily to be optimized to have higher performances. Consequently, several parameters related to rotor and stator part are introduced and each of the parameter for each component will be varied individually to get the optimal performance. The details of the parameters are shown in Fig. 2 . 
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Initially, parameters D1 to D9 are adjusted accordingly based on 'deterministic optimization approach'. Begins with the parameters on the rotor part, D1 to D3 are adjusted to get its maximum performance. Then, the optimization process is continued to the parameters on the stator part D4 to D9 with maintain the airgap length and PM volume at 0.8 mm and 1.0 kg, respectively. The process is repeated and after several cycles of optimization, the proposed machine has achieved great enhancement in term of torque and power performances. The improved design structure of the proposed machine is demonstrated in Fig. 3 . In the improved design, the number of turns of armature coil has been changed from 7 turns to 6 turns. On the other hand, the figure clearly shown that the rotor pole width has reduced resulting lesservolume of iron core used for the rotor. Besides, the PM depth is increased to give more flux flow from the stator to the rotor that expecting produces higher torque. Finally, the armature coil slot area is reduced due to less number of turn of armature coil has been applied.
Flux Characteristic at Various Current Densities.
It is essentialto analyze the flux characteristic of the machine in order to predict the performances capability. Primarily, the magnetic flux linkage from PM and DC FEC of original design machine are plotted in Fig. 4(a) , while for the improved design is shown in Fig. 4(b) . The generated flux from DC FEC is monitored on the armature coil for each increment of 5 A/mm 2 till the maximumof 30 A/mm 2 . It is obvious that, for original design when DC FEC current density, J e start increased, the flux linkage also increasing and reach to maximum when J e set to 10 A/mm 2 . The maximum flux linkage at this condition is approximately 0.051 Wb which is increased more than three times when compared with flux linkage come from PM only. When further increased of J e , the flux linkage starts to reduce and finally when J e is set to maximum of 30 A/mm 2 , the magnitude of flux linkage is approximately 0.028 Wb. This phenomenon is expected due to flux saturation when higher J e applied to the system beyond 10 A/mm 2 . On the other hand, the flux linkage of the improved design has reached it maximum when J e set to 15 A/mm 2 with the amplitude of 0.045 Wb. Even the maximum amplitude is less than the original design but there is a significant improvement of flux linkage at low DC FEC current densities and more solid sinusoidal waveform. Cogging Torque.At no load condition, the cogging torque of the improved design machine compared with the original design is demonstrated in Fig. 5 . From the graph, the cogging torque of the improved machine looks has no different in peak-to-peak cogging torques which approximately 7.99 Nm. Even the peak-to-peak cogging torque has no change, but the magnitude of peak-topeak cogging torque is still less than 10% compared with the target of maximum torque and considered in the acceptable range.
Induced Voltage.The comparison of backemf of initial and improved design outerrotor DEFSM at the speed of 3000 r/min is demonstrated in Fig. 6 . It is clearly shown that the amplitude of back-emf for the improved design motor has increased from 81.58 V to 168.1 V. This is agree with the simplified equation of induced voltage and can be defined in equation (3), where the induced voltage is proportional to the generated flux.
where, k is the constant, Ф is the flux magnitude, and ω is the speed of the machine, respectively.
Torque and Power Profile.The profile of torque and power with respect to the speed of the improved design machine is plotted in Fig. 7 . In this improved design machine, the maximum current density for armature coil and field excitation coil are set at 30A/mm 2 . Through Fig. 7 , the blue line designates the maximum torque curve, while the red line indicates the output power over the machine's speed range. At base speed of 3,982 r/min, the maximum torque obtained is 298.46 Nm and the corresponding power has reached 124.46 kW. The maximum power of 138.75kW is achieved at the speed 6,519 r/min. Furthermore, 10.19 Nm/kg of torque density and 4.74 kW/kg of power density have been obtained in this improved design machine which still below the target performances. However, it is expected that the target performances of the machine can be achieved by further design refinement and optimization. 
